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Interfacial fracture (delamination) originating from channel or tunnel cracks is a common failure mode in
layered structures. While this subject has been addressed extensively, little is known on the actual process
of fracture. It is this aspect which is of concern here. The evolution of delamination damage is followed
in situ using an all-transparent system designed to reduce material variability and thermal stresses. The
specimen is composed of two glass plates glued onto a polycarbonate slab by a RT epoxy resin. With a
proper control of the glass surface, stable delamination growth from a single channel crack occurs. This
growth evolves smoothly from the tip of the channel crack, although the delamination area is generally
irregular and non-symmetric. The fracture resistance varies greatly between nominally identical samples,
attesting to a great sensitivity to such irregularity as well as to bonding surface conditions. The effect of
system variables on delamination growth is evaluated using a 2D FEA. The analysis predicts general trends
observed in the tests, and it indicates means for an optimal design against premature failure. Finally, the
merit of evaluating fracture toughness of ultra-thin ﬁlms using the channel cracking approach is discussed.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Fracture of ﬁlm/substrate bilayers due to thermal or mechanical
stresses is a subject of great practical interest. The fracture gener-
ally starts with growth of a ﬂaw on the ﬁlm surface and continues
with channel cracking in the ﬁlm which may be accompanied by
delamination at the ﬁlm/substrate interface. It is the latter type
which is of interest here. Practical examples include wear-resistant
and other functional coatings (e.g., Malzbender and de With, 2000;
Deng et al., 2005; Wu et al., 2008; Houe´rou et al., 2010) as well as
ﬂexible electronic displays (e.g., Xiang et al., 2005; Banerjee et al.,
2006; Jia et al., 2009). A related problem is delamination from tun-
nel cracks in layered structures (e.g., Berthelot, 2003), which differ
from channel cracking only in boundary conditions.
Delamination in bilayers is affected by a wealth of variables
including the elastic constants, the surface conditions of the ﬁlm
and the fracture energies of ﬁlm and interface. Nakamura and
Kamath (1992) studied the interactive growth of channel
and delamination cracks in a ﬁlm attached to a rigid substrate
using a 3D FEA while Jia et al. (2011) extended such work to rela-
tively soft substrates. Jensen et al. (1990) considered delamination
growth from a channel crack introduced by a cut made on the sur-
face of a pre-stressed ﬁlm. For channel cracks that are long com-
pared to ﬁlm thickness the delamination problem can be reduced
to a 2D one. It is this limit which is of interest here. A viable testll rights reserved.conﬁguration for studying such 2D failure is the four-point ﬂexure
specimen. Numerous experimental and analytic works were de-
voted to this subject starting with that of Cao and Evans (1989)
and others. Brieﬂy, after scratching the ﬁlm surface, the specimen
is loaded in a three-point bending apparatus to produce a delami-
nation crack which length is many times the ﬁlm thickness. The
pre-cracked specimen is then transferred to a four-point ﬂexure
apparatus for the actual test. The delamination is found to grow
unstably once initiated, the occurrence of which is delineated from
a drastic change in the specimen compliance.
There are several important aspects of the channel/delamina-
tion fracture that remain illusive, however, mainly the effect of
surface quality of the ﬁlm and fracture energies of ﬁlm and inter-
face on the delamination growth history. More speciﬁcally:
(a) For stiff ﬁlms stable fracture occurs because the energy
release rate (ERR) reduces with delamination size. We are
unaware of studies devoted to following in situ the process
of delamination growth, including the transition of channel
cracks into delamination cracks. Indeed, this is not easy to
accomplish in opaque systems, which constitute the bulk
of published works. Consequently, the delamination growth
history is inferred from the system compliance (e.g., Ma,
1997; Hughey et al., 2004). As will be shown later, this
may be misleading because the delamination proﬁle may
be subject to great variations. Multiple channel cracks,
plasticity and visco-elastic effects may further undermine
the usefulness of this approach. Thus, direct observations
of the delamination process would be advantageous.
Fig. 1. The four-point ﬂexure specimen and loading apparatus used in this study, (a) overall view, (b) details. The glass plates are bonded on each side of the polycarbonate
slab with a RT epoxy adhesive. A large scratch inscribed onto the lower glass surface facilitates an early growth of a channel crack. Upon loading the specimen, an interface
crack (length c) may develop. In the analysis the glue and substrate are assumed identical.
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competition between growth of surface ﬂaws, channel
cracks and delamination. Little is known experimentally on
this competition, which may play an important role when
calculating the mode I fracture energy GIC of ultra-thin ﬁlms
using the channel cracking (fragmentation) approach.
(c) The interfacial fracture energy is generally associated with a
large scatter, the source of which is not well understood.
To gain insight into such issues we follow the fracture process
in situ using an optically transparent model system, an approach
often employed when studying interfacial fracture (Liechti and
Knauss, 1982; Jensen et al., 1990; Chai, 2006; Houe´rou et al.,
2010). As shown in Fig. 1, the specimen consists of two glass plates
glued onto a thick polycarbonate slab by an epoxy resin. A large
scratch at the lower glass surface facilitates an early growth of a
transverse crack from plate bending. The fracture process is ob-
served by a video camera, from which the evolution of delamina-
tion length c with applied load P is established. The associated
energy release rate is calculated using a plane-strain FEA similarly
to earlier works. Section 2 provides a preliminary fracture mechan-
ics analysis of the problem while Sections 3 and 4 detail the exper-
imental apparatus and test results. Section 5 examines the effect of
ﬁlm surface quality on delamination growth while Section 6 dis-
cusses the results and examines the limitations of determining
mode I fracture energy of thin ﬁlms using the fragmentation test.
2. Fracture analysis
Our test specimen (Fig. 1) consists of two identical, thin layers of
thickness h and moduli Ef, mf which are glued to the surfaces of a
thick substrate of thicknessH andmoduli Es, ms. The use of two glass
layers helps establish global symmetry in the deformation. The
specimen, of width b, is loaded in a four-point ﬂexure arrangement
with distance between upper and lower loading points L and L + 2r,
respectively. The lower glass contains a transverse crack from
which a symmetric delamination of length c emerges (Fig. 1b). Tak-
ing the mechanical properties of glue and substrate to be identical,
the ERR for delamination growth can be expressed as
Gd ¼ gdða; b; c=hÞ; ð1Þ
where a and b are Dundurs parameters (see for example Mei et al.,
2007) and
G  2EfG=phr2f ; Ef  Efð1 m2f Þ ð2Þ
Note that this normalization applies to all forms of ERR to be dis-
cussed, including Gd in Eq. (1). The ﬁlm stress rf is determined from
the following strength-of-materials approximation corresponding
to the uncracked system
rf ¼ 3Pr=bH2ðEs=Ef þ 6h=HÞ ð3ÞHence, rf can be viewed as a normalized load P. Our FEA shows that
the error using Eq. (3) is less than a few percent. Delamination
growth occurs when Gd becomes equal to the interface fracture en-
ergy GC. Charalambides et al. (1990) determined gd for a four-point
ﬂexure specimen as a function of c/d and elastic constants using a
2D FEA. The phase angle w characterizing the fracture mode mix
varies greatly with crack length c. However, Mei et al. (2007)
showed that w tends to stabilize once c/h is increased from unity
or so, at a value ranging from 50 to 55. With increasing load,
multiple channel cracks, in addition to delamination, may occur.
Thouless et al. (1992) showed that the effect of adjacent channel
cracks on channel cracking may be signiﬁcant for stiff ﬁlms. The ef-
fect of multiple channel cracks on Gd was considered by He et al.
(1997).
The FEA noted above are limited to compliant or moderately
stiff ﬁlms, i.e., a < 0 (Charalambides et al.,1990; He et al., 1997)
or a < 0.6 (Mei et al., 2007). Here we apply a similar FEA to our par-
ticular test specimen, for which a = 0.93, using a commercial FEM
code (Abaqus) speciﬁed to plane-strain conditions. The ERR is di-
rectly available as a J integral. Similarly to an earlier work (Chai,
2011), the FEM mesh was systematically varied until the solution
converged to within 1–2%. Fig. 2a shows normalized ﬁlm stress
rf ( = 1/gd1/2) vs. normalized crack length c/h for the conﬁguration
shown in the print, where rf is calculated from Eq. (3). For com-
pleteness, we include results for a broad range of a using
Es = 2.35 GPa, ms = 0.35 and mf = 0.22 conclusively. For ﬁlms stiffer
than the substrate (a > 0) rf increases with crack length. This leads
to stable delamination growth which is advantageous experimen-
tally. Fig. 2(b) shows the effect of nearby channel cracks on Gd. For
stiff ﬁlms this effect extends over a large distance, which points to
the beneﬁt of avoiding multiple channel cracks in our tests.
When the ﬂaws present on the ﬁlm surface are sufﬁciently
large, a surface ﬂaw would grow smoothly into a channel crack.
The ERR in this case is given by
Gch ¼ gchða;bÞ ð4Þ
The function gch has been calculated for various specimen conﬁgu-
rations by numerous authors using a 2D FEA. We evaluate gch for
our present test conditions as described earlier (Chai, 2011). When
the surface ﬂaws are small, the fracture would be unstable. Treating
the ﬂaw as an edge crack of length cF, the ERR in this case is given
by
Gfl ¼ 2:5cF=h; cF=h 1 ð5Þ
Fracture from a small ﬂaw or a channel crack commences when Gﬂ
or Gch becomes equal to GIC, the ﬁlm’s mode I fracture energy. From
Eqs. 5 and 2, the ﬂaw size cF relates to the ﬁlm’s failure stress rF by
cF ¼ GICEf =4r2F ; cF=h 1 ð6Þ
Fig. 2. Normalized ﬁlm stress vs. normalized delamination length c/h (a) and normalized ERR vs. normalized distance between adjacent channel cracks s (b) for the
conﬁgurations speciﬁed. Results obtained from a plane-strain FEA with Es = 2.35 GPa, ms = 0.35, mf = 0.22 and Ef variable.
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Standard microscope glass plates (Ef = 70 GPa, mf = 0.22) of
width b = 24 mm, length 60 mm and, unless otherwise stated,
thickness h = 0.1 mm are used. The plates are glued on both sur-
faces of a 120 mm long and 24 mm wide polycarbonate slab
(Es = 2.35 GPa, ms = 0.35) of thickness H = 12 mm (Fig. 1) using a
RT curing adhesive. The bonding is achieved using a mild pressure,
resulting in bond thickness d  20 lm. The fabricated specimen is
fully transparent and has minimal thermal stresses. To help initiate
a transverse crack, after fabrication a deep scratch is inscribed at
the center of the lower glass surface using a diamond tip.
Several RT epoxy resins, including some structural adhesives,
were considered as a bonding agent. The latter type conclusively
led to multiple channel cracks and little or no delamination, and
hence were discarded (note that this effect may be circumvented
by chemically etching the glass surface to reduce surface ﬂaws).
An adhesive which led to delamination growth without multiple
channel cracks was Hobby Squadron #2050, a two-part, 5 min
curing epoxy resin. All results to be presented correspond to
this material. We evaluated the mode I fracture energy of this
proprietary material in an adhesive bond form using the DCB test
specimen (Chai, 1992). The crack advanced in the middle of the
0.2 mm thick bond. The fracture energy GIC was as little as 3.4 N/m.Fig. 3. Two video sequences showing delamination evolution in two nominally identic
h = 0.1 mm. The delamination is made apparent by a Fizeau fringe pattern. Note the higThe specimen (Fig. 1a) is supported by a set of rollers to reduce
friction, which effect may be signiﬁcant (Charalambides et al.,
1990). Loading is applied by a standard testing machine in a
stroke-control mode, at a rate which is necessary to complete the
test in 2–3 min. The evolution of damage is recorded from below
the samples using a video camera equipped with a high-power
zoom lens.4. Results
Fig. 3 shows select frames from two nominally identical tests.
The damage is characterized by extensive delamination which
grew from the tip of a channel crack formed early in the loading.
Note the highly irregular delamination proﬁle in the lower
sequence. Fig. 4 plots ﬁlm stress rf vs. normalized crack length
c/h for all samples tested. The data, evaluated at the middle of a
ﬁxed 5 mm radius observation spot, are separated into left (a)
and right (b) side cracks. Results are shown once a meaningful
measure of crack length can be made (typically c  h), and they
are terminated when multiple channel cracks occurred. The data
exhibit considerable scatter, whether between left and right side
cracks in a given sample or between different samples. Neverthe-
less, a clear trend of stable fracture having a reducing growth rate
is apparent. Fig. 4 shows the predicted crack length vs. ﬁlm stress,al glass/polycarbonate samples (see Fig. 1) as observed from below the samples;
hly non-symmetric delamination in the lower sequence.
Fig. 4. Applied ﬁlm stress rf (calculated from Eq. (3)) vs. normalized delamination length c/h for the specimen of Fig. 1 with h = 0.1 mm: (a) left hand side crack, (b) right hand
side crack. Similar symbols correspond to the same samples. The solid and dashed lines are analytic predictions for delamination growth (Eq. (1) with c/h = 1) using Gd = GC.
The choices GC = 10, 4 and 18 N/m represent average behavior and reasonable bounds to the data.
Fig. 5. (a) Film stress rf vs. coating thickness h for the specimen of Fig. 1; open and ﬁlled circles represent onset of channel crack and delamination, respectively. The solid and
dashed-dot lines are the predictions for channel cracking (Eq. (4)) and delamination growth (Eq. (1)), respectively. The latter is speciﬁed to c/h = 1 and c/h >> 1. The dashed line
is a hypothetical ﬁlm’s failure stress rF. The square and triangular symbols correspond to initiation of channel crack in SiOx/PET bilayer (Hsueh and Yanaka, 2003) or SiNx/
Upilex or SiNx/Kapton bilayers (Andersons et al., 2008). (b) Film strain at onset of fracture ei vs. coating thickness h for an epoxy layer on aluminum substrate subject to
tension (Chai, 2011); the solid line is the analytic prediction for channel cracking while the dashed line represents onset of ﬂaw growth. The channel cracks grew smoothly
from a surface ﬂaw only for h < hch  0.08 mm. No delamination occurred in these tests, attributable to the use of FPL procedure for cleaning the aluminum surface.
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The latter is taken as 10 N/m (solid line) for best visual ﬁt of the
average behavior and 4 or 18 N/m (dashed lines) for reasonable
bounds to the test data. Note that these predictions neglect the ob-
served asymmetry in the delamination proﬁle (see Fig. 3), which is
not easy to account for. The predictions seem to capture major
experimental trends, i.e., a smooth transition from channel to
delamination cracking and stable fracture at a reducing growth
rate.
To assess the effect of surface conditions on fracture behavior,
plotted in Fig. 5a is the ﬁlm stress at which a transverse crack
(open circles) or delamination (ﬁlled circles) is ﬁrst observed in
our tests. The solid line in this plot is the prediction for channel
cracking from Eqs. 4 and 2, using gch = 7.5 and Gch = GIC = 4 N/m.
Also shown as dash-dot lines are delamination growth curves from
Eq. (1), speciﬁed to c/h = 1 or c/h 1, corresponding to onset and
complete ﬁlm debonding, respectively. In both the cases Gd is taken
as 10 N/m (see Fig. 4). It is apparent that the open symbols repre-
sent steady-state channel cracking, and that to initiate delamina-
tion growth from this damage the stress in the ﬁlm needs to be
increased by a factor  3. An additional increase by a similar factorwould cause a complete detachment of the ﬁlm. To demonstrate
the effect of ﬁlm surface conditions, suppose that rF, the stress at
which a crack in the ﬁlm pops in, is known, say rF = 200 MPa. This
is shown as a dashed line in Fig. 5a. Let hch and hd be the ﬁlm thick-
ness where this line intersects the channel and delamination
curves, respectively. The latter case is identiﬁed by hdi and hdm, cor-
responding to onset of delamination (c/h = 1) and complete delam-
ination (c/h 1), respectively. It is apparent that the onset of ﬂaw
growth is immediately followed by channel cracking if h > hch, and
by delamination if h > hdi; if h > hdm the delamination would grow
unstably.
4.1. Application to other systems
For a general material system, the ﬁlm thicknesses hch and hd
discussed in Fig. 5a are found from Eqs. (1)(2) and (4)–(6) by
substituting Gﬂ = Gch = GIC and Gd = GC:
hch ¼ 2EfGIC=pgchr2F ð7aÞ
hd ¼ 2EfGC=pgdr2F ð7bÞ
Fig. 6. FEM results showing ERR ratio of channel cracking and delamination growth
for the specimen of Fig. 1. The delamination curve is speciﬁed to c/h = 1 and c/h 1.
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h > max:ðhch;hdÞ ¼max:ð2Ef=pr2FÞ  ðGIC=gh;GC=gdÞ ð8Þ
The growth will be unstable if gd in Eq. (8) is speciﬁed to c/h 1, a
behavior favored for thick, stiff and smooth ﬁlms which adhere
poorly to the substrate. For ﬁlms containing a large surface ﬂaw
(as in the present tests), a ﬂaw would grow smoothly (i.e., with
no dynamic release of energy) into steady-state channel crack. For
delamination to immediately follow the latter event, Gd/Gch ( = gd/
gch) must exceed the fracture energy ratio GC/GIC. Fig. 6 plots Gd/
Gch vs. Dundur’s parameter a, where gd is presented for the choice
c/h = 1 or c/h 1. For a rigid substrate (a = 1) the delamination
immediately follows channel cracking if GC < 0.42GIC while for stiff
ﬁlms a? 1 this occurs if GC < 0.18GIC. If GC < 0.06GIC the growth
of delamination would be unstable.5. Discussion
Delamination in glass plates bonded to a polycarbonate slab is
observed to grow smoothly from the terminus of a channel crack
initiating from a large scratch. The delamination proﬁle exhibits
large variations between different samples (Fig. 3) while the
delamination growth history (Fig. 4) shows considerable scatter.
These suggest that inferring the delamination growth behavior in
opaque materials with the aid of the system compliance, as is often
done (e.g., Ma, 1997; Hughey et al., 2004), may be questionable.
The analytic relations presented quantify the effect of ﬁlm surface
conditions on delamination growth history. Thick ﬁlms are more
prone to delaminate than thin ones. When attached to a stiff sub-
strate, they may completely delaminate once a ﬂaw begins to
grow. These results also bear on tunnel cracking in layered struc-
tures. (An interesting example of tunnel cracking is found in adhe-
sively bonded joints subject to shear loading (Chai, 1988), where
the macroscopic crack advances by the linkage along the interface
of tunnel cracks formed within the bond). Accordingly, use of a
hard/soft multilayer construction would enhance the integrity of
the structure.
It is interesting to discuss the large scatter in measured fracture
energy evident from Fig. 4 in light of related studies. The discussion
is limited to the phase angles w characterizing the present tests,
namely 50–55. The fracture energy GC for a glass/epoxy interface
was determined by a number of researchers. Liang and Liechti
(1995) report values in the range 4–10 N/m while Banks-Sills
et al. (1999) obtained values ranging from 10 to 15 N/m. A related
fracture test is that where the ﬁlm is connected to the substrate by
a ﬁnite thickness interlayer. Cao and Evans (1989) tested two glassplates bonded by a 25 lm thick thermoplastic adhesive and found
GC  12 N/m, i.e., in the ballpark of the bilayer case. The fracture
data discussed above compare with the range 4 < GC < 18 N/m
and mean 10 N/m found in our study. Cao and Evans (1989) and
Swadener and Liechti (1998) found a much smaller fracture energy
( 2 N/m) when replacing a glass layer with an aluminum one.
Wang and Suo (1990) tested sandwich specimens made of alumi-
num, brass or steel plates glued by an epoxy interlayer. The frac-
ture energy ranged from 3 to 40 N/m, with no apparent
dependence on bond thickness over the 0.08–0.3 mm range stud-
ied. The considerable differences in the works discussed are be-
lieved to reﬂect inherent sensitivity of interfacial fracture to
interface conditions and debond irregularities rather than experi-
mental variability. Such sensitivity tends to increase with the
phase angle.
The effect of interface quality is further demonstrated by a re-
cent channel cracking study on epoxy ﬁlms attached to aluminum
bars whose bonding surface was treated according to the FPL (For-
est Product Laboratory) procedure (Chai, 2011). Fig. 5b (symbols)
plots the tensile strain ei at which a surface ﬂaw begins to grow
vs. coating thickness h. No delamination occurred in these tests
even for applied strains in excess of 10%. Unlike the routine sur-
face cleaning procedure used in the works detailed earlier, in
the FPL treatment a porous layer is created on the aluminum sur-
face which helps form mechanical interlocking between adhesive
and substrate. A similar treatment applied to aluminum/epoxy/
aluminum sandwiches (Chai, 1992) also led to considerably great-
er GC values than those reported in the study of Wang and Suo
(1990).5.1. Mode I fracture energy of thin ﬁlms
The fragmentation test is a viable means for obtaining GIC of
thin ﬁlms (Hsueh and Yanaka, 2003; Andersons et al., 2008; Pinyol
et al., 2009; Chai, 2011). However, this approach is valid only if the
channel crack develops from a ﬂaw smoothly (Andersons et al.,
2008; Chai, 2011), and furthermore no delamination occurs. From
Eq. (7) and Fig. 5a, these two conditions are met if
h < hch ¼ 2EfGIC=pgchr2F ð9aÞhd > hchor GC > GICgd=gch ð9bÞ
The importance of quasi-static fracture is demonstrated by the re-
sults of the epoxy/aluminum bilayer in Fig. 5b. The dashed line
(ei = 2%) represents onset of ﬂaw growth while the solid line is
the prediction for steady-state channel cracking taking into consid-
eration nonlinear effects in the ﬁlm and substrate (Chai, 2011). It is
evident that the calculation of GIC in this case should be limited to
h < hch  0.08 mm. As a further use of Eq. (9), Fig. 5a shows the fail-
ure stress needed to initiate a channel crack in SiOx ﬁlms evapo-
rated on polyethylene terephthalate (Hsueh and Yanaka, 2003)
and in SiNx ﬁlms on Upilex or Kapton substrates (Andersons
et al., 2008). Although the data are marred by considerable scatter,
judging from their slope they seem to represent quasi-static chan-
nel cracking (Eq. (9a)). To insure that Eq. (9b) is met GC must ex-
ceed GICgd/gch  0.2GIC. Assuming that this is the case, ﬁtting
these data with Eq. (4) using reported material values leads to frac-
ture energy GIC  3.5 N/m independent of ﬁlm thickness for all
three bilayer systems shown. (Hence, the no delamination condi-
tion requires GC > 0.7 N/m, which seems reasonable.) It is noted
that this value of GIC, which is quite similar to that for the soda-
lime glass (4 N/m), is well less that that reported by Hsueh and
Yanaka (2003).
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